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Precise regulation of Notch signaling activity is critical for development of many different tissues. Here, we show that the zebrafish
insertional mutation Hi904 attenuates Notch signaling, and is allelic to mind bomb. We show that Mind bomb protein displays E3 ubiquitin
ligase activity in vitro and that it is associated with Delta and enhances its ubiquitination and internalization in transfected cells. Furthermore,
by functional analysis of three conserved regions of Mind bomb, we show that the N-terminal half is required for Delta association, the
ankyrin repeats are important for Delta internalization, and the ring fingers are required for Delta ubiquitination. Thus, the three functionally
distinct modules of Mind bomb work cooperatively to regulate Notch signaling by associating with, ubiquitinating, and internalizing Delta.
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Neuronal, glial, and ependymal cells in the vertebrate
central nervous system (CNS) are generated sequentially
from precursors in the neural tube over an extended
period during development (Kintner, 2002). In general,
neurons are formed first and ependymal cells last. Within
each class of CNS cells, different subtypes are also
formed in a stereotypical order. The sequential neuronal
differentiation results from a cell–cell interaction, termed
lateral inhibition, through which differentiating cells keep
their neighbors from adopting the differentiated fate, thus
maintaining a progenitor pool for continuous neurogenesis
(Taghert et al., 1984).
The Notch signaling pathway plays an essential role in
lateral inhibition (Greenwald and Rubin, 1992). Animals
with diminished Notch signaling usually display a so-called
neurogenic phenotype, marked by overproduction of neu-
rons at the expense of other cell types. For example,
disruption of Notch pathway components in mice and zebra-
fish leads to precocious overproduction of neurons and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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et al., 1997; Lutolf et al., 2002; Riley et al., 1999). Gain-of-
function studies in mice, chicks, frogs, and fish have repeat-
edly demonstrated the essential role of Notch signaling in
neurogenesis and gliogenesis (for reviews, see Gaiano and
Fishell, 2002; Lewis, 1996). Genetic screens in worms and
flies have identified many genes important for Notch signal-
ing, including delta, notch, and suppressor of hairless
(Su(H); Artavanis-Tsakonas et al., 1999). Although the
precise mechanism of Notch activation remains elusive and
additional regulators remain undiscovered, genetic analysis
in zebrafish may have identified one novel component in the
Notch pathway. Of the zebrafish neurogenic mutants, several
affect known Notch pathway genes such as deltaA (Riley et
al., 1999), after eight/deltaD (Holley et al., 2000), and deadly
seven/notch1a (Gray et al., 2001; Holley et al., 2002).
However, the identity of mind bomb (mib; Jiang et al.,
1996; Schier et al., 1996) was unknown when those studies
were initiated; thus, its characterization should further our
understanding of Notch signaling.
The Notch signaling pathway mediates lateral inhibition
through a positive feedback regulation of gene expression.
When bound by its ligand Delta on the surface of neighbor-
ing cells, Notch is cleaved twice, in the outer and inner
plasma membrane, by a metalloprotease TACE (Brou et al.,
2000; Mumm et al., 2000) and presenilin-dependent g-
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Greenwald, 1999), respectively. The intracellular domain of
Notch (NICD) is then translocated to the nucleus, where it
displaces Su(H)-bound co-repressors and recruits transcrip-
tion co-activators (Baron et al., 2002). As a result, Notch
targets, such as basic Helix–Loop–Helix (bHLH) genes hes
(Hairy/Enhancer of Split), are up-regulated (Bray and Fur-
riols, 2001). Hes proteins in turn repress proneural bHLH
genes, such as neurogenin that confer neuronal competence
and identity, and subsequently down-regulate delta genes
(Ma et al., 1996). Consequently, cells with slightly higher
levels of surface Delta, acquired either by chance or by
certain regulated means, will have increasingly higher Delta
activity than their neighbors and will differentiate (Green-
wald and Rubin, 1992). In the meantime, the higher Notch
signaling in their neighbors will keep them in the progenitor
state. However, the precise mechanism of Notch activation
by Delta binding is unclear.
Posttranscriptional regulation plays a critical role in
controlling Delta–Notch signaling activity. Several identi-
fied Notch signaling regulators act on the maturation,
activation, or ubiquitin-mediated degradation of compo-
nents of the Notch pathway (Baron et al., 2002). At least
four E3 ubiquitin ligases have been found to regulate Notch
activity (Lai, 2002). These enzymes help add one or more
ubiquitins, which are 76-amino acid peptides, to compo-
nents of the Notch pathway and thereby mark them for
endocytosis, and/or proteasome- or lysosome-mediated deg-
radation (Hicke, 2001; Pickart, 2001). Two E3 ubiquitin
ligases, deltex/Itch and Sel10, regulate Notch activity by
directly ubiquitinating Notch. A third E3 ubiquitin, ligase
LYNX, modifies Numb, an antagonist of NICD. Finally, one
of the original neurogenic genes, neuralized, recently has
been shown to encode an E3 ubiquitin ligase that modifies
Delta protein and thus enhances Delta endocytosis and
degradation (Deblandre et al., 2001; Lai et al., 2001;
Pavlopoulos et al., 2001; Yeh et al., 2001). However,
neuralized seems not to be essential for lateral inhibition
in vertebrates, suggesting that other E3 ubiquitin ligase
genes may play an important role in development of the
vertebrate CNS.
Here we show that zebrafish insertional mutant Hi904
displays defects in Notch signaling and is allelic to the
chemically induced mutation mib (Golling et al., 2002;
Haffter et al., 1996; Schier et al., 1996). mib orthologs are
found in the genome of fly, mouse, and human. The
encoded protein contains a highly conserved region in the
N-terminal half, several ankyrin repeats in the central part,
and three ring fingers at the C-terminus. Mib exhibits
ubiquitin ligase activity in vitro, forms a complex with
Delta via the N-terminal half, promotes Delta internalization
via the ankyrin repeats, and enhances Delta ubiquitination
via the ring finger domains in transfected cells. Mib there-
fore appears to regulate the Notch signaling pathway by
regulating Delta ubiquitination and endocytosis by using
three cooperative modules.Materials and methods
Fish husbandry
All fish used in this study were derived from the wild-type
and mutant TAB lines from the Hopkins Lab at MIT
(Amsterdam et al., 1999; Golling et al., 2002). Juvenile and
adult fish were raised in Aquatic Habitats systems (Apopka,
FL) on a 14- to 10-h light–dark cycle in standard water
conditions (Westerfield, 1993). Embryos were reared either
in system water or 0.3  Danieau’s solution at 28jC and
staged as hours post-fertilization (hpf) (Kimmel et al., 1995).
Cloning and plasmid construction
Full-length Hi904 cDNAwas cloned based on incomplete
sequence using 3V RACE as described (Golling et al., 2002).
The gene-specific forward primers are 5V-GACAACGGG-
GCCAAGAACCTCTAC-3V and 5V-GAGTGGGATTC-
GAGGGCATGTCTG-3V. The resultant 4-kb fragment was
cloned into pCR4-TOPO from Invitrogen (Carlsbad, CA) and
sequenced using ABI Genetic Analyzer 3100 (Foster City,
CA). Primers were then designed tomake in-frameGST,Myc
tag, or EGFP fusions of the full-length protein (FL), the N-
terminal deletion (DN, residue 441–1030), the C-terminal
deletion (DC, residue 1–756), the N-terminal half (residue
1–466), the ankyrin repeats (residue 441–756), and the ring
fingers (residue 785–1030). The internal deletion (DM) was
made from full-length-Hi904 EGFP fusion by eliminating the
BstEII–NsiI fragment that encodes residue 442–816. The
deletion of the last ring finger (DR3, residue 1–980) was
made by EcoRV digestion. The intracellular domain of
DeltaA was obtained by RT-PCR and fused in-frame to HA
tag in pGADT7 (Clontech, Palo Alto, CA). The sequence
encoding HA-DeltaA was subsequently cloned into pCS2+
for expression. Full-length cDNA for DeltaD (Haddon et al.,
1998b) was also cloned in pCS2+ for expression studies. The
expression plasmid for Myc-N1aICD was a gift from Dr. Jose
Campos-Ortega (Takke and Campos-Ortega, 1999; Takke et
al., 1999).
Injection of zebrafish embryos
Capped RNAs were synthesized using the mMessenger
mMachine kit as described (Chen et al., 2001). The synthetic
RNAs were dissolved in RNAse-free water to 0.2 Ag/Al.
Approximately 1 nl of the RNA solution was pressure
injected into one blastomere of two-cell stage embryos.
In situ hybridization and immunohistochemistry
In situ hybridization, immunohistochemistry, and BrdU
uptake were done as previously described (Chen et al., 2001).
HRP activity is revealed either with DAB, DAB plus Nickel,
or SG substrate from Vector Laboratories (Burlingame, CA).
For in situ hybridization on cryosections, 70 Al/slide of probe
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DPX mounting medium. The following plasmids were used
in this study: deltaA and islet1 (Appel and Eisen, 1998) (from
Dr. Judith Eisen), notch1a and her4 (Takke et al., 1999) (from
Dr. Jose Campos-Ortega), ngn-1 (cloned by PCR) and MyoD
(from Dr. Miguel Allende). Antibodies were used at the
following dilutions: mouse anti-HU (Molecular Probes,
Eugene, OR), 1:500; mouse anti-BrdU (Sigma, St. Louis,
MO), 1:1000; Zn5 (University of Oregon), 1:200; Zrf1
(University of Oregon), 1:100; rabbit anti-GFP (Santa Cruz
Biotech, Santa Cruz, CA), 1:500; mouse anti-Myc (BAbCO,
Berkeley, CA).
In vitro ubiquitination assay
GST fusion proteins of Hi904 were made in and purified
from bacteria according to standard protocols (Sambrook and
Russell, 2001). E3 ubiquitin ligase activity was assayed in 30-
Al buffer (50 mM Tris, pH7.4, 2 mM ATP, 5 mM MgCl2, 2
mM DTT) containing 100 ng of rabbit ubiquitin-activating
enzyme E1 (Calbiochem), 300 ng of His-E2 (gift from Dr.
Hua Lu), 1 Ag of HA-ubiquitin (gift from Dr. Hua Lu), and 1
Ag of one of the various Hi904-GST fusion proteins. The
mixtures were incubated at 30jC for 1.5 h with occasional
agitation. The mixtures were then run in 7.5% SDS-poly-
acrylamine gel and analyzed by Western blotting using
mouse anti-HA antibodies (BAbCO) at 1:2000 dilution.
Cell culture, Western blot, immunoprecipitation, and
immunofluorescence
Cos7 cells were maintained in DMEM + 10% heat-
inactivated fetal bovine serum + 100 units/ml penicillin +
100 Ag/ml streptomycin at 37jC. For immunoprecipitation,
cells were transfected at 80–90% confluence with Lipofect-
amine 2000 (Invitrogen). For each 10-cm plate, 12.5 Ag of
plasmid DNA purified by the Concert MaxiPrep system
(Gibco BRL) or Qiagen Plasmid Prep kit (Qiagen), and 30
Al of Lipofectamine 2000 were used as suggested by the
manufacturer. The 12.5-Ag DNA consists of 6 Ag of
pCS2+deltaD or pCS2+HA-deltaAICD, 3 Ag of plasmid for
EGFP, Mib-EGFP, or Mib-EGFP deletions, 3 Ag of
pCS2+MT-N1aICD, and 0.5 Ag of ph-tubulin-lacZ to monitor
transfection efficiency. Cells were lysed around 36 h after
adding DNA-Lipofectamine 2000 complexes in 1.5 ml of
lysis buffer (50 mMTris, pH 8, 150 mMNaCl, 10% glycerol,
1% NP-40 plus protease inhibitors cocktail; Roche). The
lysate was precleared with protein G Sepharose (Amersham).
Sixty microliters of the precleared lysate was set aside for
input lanes, and the rest was divided into three equal parts, to
which 2 Ag of mouse anti-GFP IgG (Molecular Probes), 2 Ag
of goat anti-Delta IgG (Santa Cruz Biotech), or 5 Ag of mouse
anti-Myc IgG (a gift from Dr. Monica Davare) was added.
Immunoprecipitation and Western blotting analysis were
performed according to standard protocols (Harlow and
Lane, 1999). The membranes were probed, often sequentiallyafter being stripped, with rabbit anti-GFP (Clontech), 1:500;
rabbit anti-Myc (Santa Cruz Biotech), 1:2000; rabbit anti-HA
(Santa Cruz Biotech), 1:2000; mouse anti-FLAG (M2) (Sig-
ma), 1:1000; or goat anti-Delta (Santa Cruz Biotech) 1:500.
HRP activity was revealed using ECL Plus Western Blotting
Detection System (Amersham). To analyze total proteins
without immunoprecipitation, transfection was done in 6-
well plates using 2 Ag of DNA consisting of the same plas-
mids in the same ratio and 5 Al of Lipofectamine 2000. Cells
were lysed with 100 Al of RIPA lysis buffer and 100 Al of 2
Laemmli sample buffer (Harlow and Lane, 1999).
For immunofluorescence, cos7 cells were grown on poly-
lysine-coated coverslips in 6-well plates and were transfected
at 30–40% confluence. For each well, 1 Ag of plasmid DNA
(0.5 Ag of GFP plasmids and 0.5 Ag of pCS2+deltaD,
pCS2+MT-N1aICD, or 0.5 Ag of pCS2+) and 2.5 Al of Lip-
ofectamine 2000 were used. Cells were fixed in 4% parafor-
maldehyde at room temperature for 10 min and 16–18 h after
adding DNA-Lipofectamine complexes, and immunofluo-
rescence was performed according to standard protocols
(Harlow and Lane, 1999). The antibodies were used at the
following dilutions: Goat anti-Delta (Santa Cruz Biotech),
1:800; rabbit anti-Myc (Upstate Biotech), 1:200. Alexa 546-
conjugated secondary antibodies (1:1000) were used to label
DeltaD and Myc. Hoechst 33342 (10 Ag/ml, Molecular
Probes) was used to stain nuclei. In cases in which no DeltaD
or N1aICD was expressed, 5 units/ml Texas-Red-phalloidin
(Molecular Probes) was used to label actin filaments. Stained
samples were mounted in ‘‘Prolong Antifade’’ mounting
medium (Molecular Probes) and analyzed under a Zeiss
Axioplan2 fluorescent microscope equipped with a Hama-
matsu CCD camera and Openlab imaging software.
Image processing
Whole-mount images of zebrafish embryos were acquired
using Zeiss M2-Bio microscope equipped with a Halogen
lamp and a cooled CCD camera (Axio CAM HR) and
AxioVision software. Chemiluminescent graphs from West-
ern blotting analyses were scanned into Adobe Photoshop.
All figures were assembled in Abode Photoshop.Results
The retroviral insertion Hi904 disrupts Notch signaling and
is allelic to mind bomb
Homozygotes of one zebrafish mutation found in a large
insertional mutagenesis screen, Hi904, display a striking
disorganization of all regions of CNS (Golling et al., 2002).
To understand the defects in more detail, we investigated
neurogenesis in Hi904 mutant embryos. Starting from early
somitogenesis, anti-Islet1/2 antibody revealed supernumer-
ary early born neurons such as Rohon-Beard (RB) neurons
and primary motoneurons that were disorganized in mutant
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almost all cells in the brain and spinal cord of mutant
embryos had undergone neuronal differentiation, revealed
by expression of the panneuronal marker HuC/D and failure
to uptake BrdU (Fig. 1A). At this stage, mutant embryos
have twice as many RB neurons as wild-type embryos (Fig.
1B and data not shown). Motoneurons were also disorga-
nized in the mutants (Fig. 1B). Although mutants had fewer
motoneurons than wild types at 30 hpf, all of them were
primary motoneurons, as they did not express Zn5 antigen
NEUROLIN (Fashena and Westerfield, 1999), a marker for
the late-born secondary motoneurons that form after 24 hpf
(Fig. 1C). We often saw more than six Islet-1/2-positive
primary motoneurons per cross-section in mutants. Since
there are only six to eight primary motoneurons in an entire
segment in wild-type embryos, and these motoneurons
extend over a distance considerably larger than a single
cross-section (Eisen et al., 1990; Myers et al., 1986), we
conclude that primary motoneurons are overproduced. The
absence of secondary motoneurons is likely due to agenesis,
because no detectable increase of cell death was found in the
mutant before this stage either by Acridine Orange staining
or by TUNEL assay (data not shown). Similarly, at 36 hpf,
the late-born radial glial cells were also completely absent
from mutants (Fig. 1D). We conclude that in Hi904 mutants,
the precursors for glia and secondary neurons differentiate
prematurely into primary neurons.
The observed neurogenic phenotype suggests defective
Notch signaling in Hi904 mutants. To test this, we analyzed
the expression of components of the Notch pathway. As
shown in Fig. 2, deltaA expression increased markedly in
the mutant embryos, compared with wild-type embryos in the
same clutch (Fig. 2A), which is consistent with the idea that
Notch activity decreases in the mutant embryos. This is
further supported by the decreased expression of the tran-Fig. 1. Neuronal progenitors in Hi904 mutants differentiate prematurely to cause su
(A) BrdU incorporation (gray) and expression of pan-neuronal marker HuC (brown
the mutant. (B) Anti-Islet1/2 staining of Rohon-Beard neurons (arrow) and primary
disorganized primary neurons in the mutant. (C) Zn5 antibody staining of second
trunk spinal cord show the absence of secondary neurons in the mutant. (D) Zrf1
cells in the mutant.scriptional repressor her4 (Fig. 2C), a direct target of Notch
activity (Takke et al., 1999). Accordingly, the expression of
ngn-1 (Fig. 2D) and islet-1 (Fig. 2E) was markedly increased,
while no significant change in notch1a expression was seen
(Fig. 2B). Thus, the neurogenic phenotype in Hi904mutant is
likely a consequence of decreased Notch signaling.
To determine the site in the pathway at which Notch
signaling is blocked in the Hi904 mutant, we injected one
blastomere of two-cell-stage embryos from heterozygote
matings with synthetic RNA encoding a Myc-tagged consti-
tutively active form of zebrafish Notch 1a (N1aICD). Whole-
mount immunostaining with anti-HuC/D antibodies was
used to determine the genotype of embryos and the effect
of the injected RNA on Notch-mediated lateral inhibition.
The injected side was revealed by anti-myc immunostain. As
shown in Fig. 2F, injection of N1aICD suppressed neuro-
genesis in both wild-type and mutant embryos, suggesting
that the blockage is either at or upstream of Notch.
The defects in Hi904 are the result of a retroviral insertion
in an exon of the zebrafish ortholog of the human KIAA1323
gene (Golling et al., 2002). KIAA1323 was first identified in
a sequencing project aimed to identify cDNA encoding large
proteins (Nagase et al., 2000). No functional annotation is
available for this protein. The reported sequence for zebrafish
KIAA1323, however, is much shorter, suggesting that it may
be either a partial sequence or a splicing variant. To identify
the full-length zebrafish KIAA1323, we performed 3VRACE,
using an available zebrafish sequence, and amplified a 4-kb
fragment. The full-length cDNA contains a 3090-bp ORF.
Protein sequence analysis using SMART (http://smart.
embl-heidelberg.de/) predicted that this protein contains four
types of conserved domains: (1) a ZZ type zinc finger close
to the N-terminus implicated in protein–protein interaction;
(2) a novel highly conserved region downstream of the ZZ
zinc finger with unknown function (we call it Mib domain);pernumerary primary neurons at the expense of glia and secondary neurons.
) in cervical spinal cord show premature cell cycle exit and differentiation in
motoneurons (arrowhead) in trunk spinal cord indicates supernumerary and
ary motoneurons (arrowhead) and lateral longitudinal fasciculus (arrow) in
staining of radial glial cells in trunk spinal cord reveals the absence of glial
Fig. 2. Hi904 mutation diminishes Notch signaling. (A–E) In situ hybridization with antisense riboprobes of Notch pathway components in embryos at 14 hpf
indicates increase of deltaA expression (A), notch1a expression is not significantly different (B), diminished her4 expression (C), and enhanced neurogenin-1
(D) and islet-1 expression (E) in the mutants. (F) Expression of HuC after injection of synthetic RNA encoding the Myc-tagged Notch1aICD on one side
(marked gray with anti-Myc immunostain) shows blockage of neurogenesis on the injected side in both wild-type and mutant embryos. The inserts are blowups
of a part of the images.
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interaction; and (4) 3 putative ring fingers associated with E3
ubiquitin ligase activity (Joazeiro and Weissman, 2000). A
translated blast search using the zebrafish protein identified
highly homologous sequences from human, mouse, and fly
(Fig. 3A). For example, the overall identity between the ze-
brafish KIAA1323 and the longest human ortholog is 90%,
and 60% between the zebrafish and a fly protein encoded by
the CG5841 gene. This suggests that Hi904 disrupts a highly
conserved gene important for Notch signaling.
To determine whether Hi904 is a complete or partial loss-
of-function mutation, we performed RT-PCR analysis of
KIAA1323 mRNA in wild-type and mutant embryos at 36
hpf, at which time the mutant can be reliably identified. No
RT-PCR product was produced from mutant RNA when we
used either two primers flanking the insertion or primers that
flanked the ring fingers at the 3V end (Fig. 3B). In addition,
we could not detect any KIAA1323 RNA by in situhybridization at 10 hpf (Fig. 3F). Thus, our data indicate
that Hi904 is a null mutation.
The expression pattern of the zebrafish KIAA1323
mRNA is consistent with the role it plays in neurogenesis.
KIAA1323 mRNA is maternally supplied and distributed
ubiquitously before gastrulation (Figs. 3C, D). From onset
of neurogenesis, KIAA1323 mRNA is preferentially
expressed in neurogenic regions in the neural plate and
neural tube (Figs. 3E, G–K). Yet, KIAA1323 mRNA is not
ubiquitously expressed in the CNS (Figs. 3I, J). In the spinal
cord, for instance, its expression is much more prominent in
a subset of cells at 36 hpf (Fig. 3J). At 48 hpf, its highest
expression sites are the inner ears, the hindbrain, and along
the optic stalk (Fig. 3K).
Several genes that regulate Notch signaling are also
themselves regulated by the Notch pathway. To determine
whether this is the case for zebrafish KIAA1323, we com-
pared its expression in wild-type and dlAHi781 mutants. This
Fig. 3. Hi904 mutation disrupts a conserved putative E3 ubiquitin ligase that is highly expressed in the CNS. (A) Alignment of amino acid sequence for human,
zebrafish, and fly KIAA1323 orthologs shows highly conserved regions. (B) A schematic diagram of Hi904 mRNA indicates the location of the viral insert, as
well as the location and orientation of PCR primers used for RT-PCR analysis (a). RT-PCR analysis of wild-type and mutant RNA at 36 hpf shows the absence
of Hi904 mRNA, but not h-actin RNA in mutants (b). (C–K) Expression of Hi904 mRNA measured by in situ hybridization in wild-type embryos at four-cell
stage (C), 6 hpf (D), 10 hpf (E), 14 hpf (G), 24 hpf (H and I), 36 hpf (J), and 48 hpf (K) and in Hi904 mutant embryo at 10 hpf (F). Expression at 48 hpf (K) is
prominent in the inner ears (arrow), tectum (white arrowhead), and optic stalk (black arrowhead). (L, M) Expression of Hi904 mRNA in wild-type embryos (L)
and dlAhi781 mutants (M) at 12 hpf shows an increase of Hi904 in deltaAhi781 mutants. (N) Expression of Hi904 mRNA in wild-type embryos after injection of
synthetic RNA encoding zebrafish DeltaA (marked brown by immunostaining of co-injected h-gal) that suppresses Hi904 expression. Thin line indicates
midline. ANK, ankyrin domain; RF, ringer finger domain; ZZ ZnF, ZZ zinc finger domain, retroviral insertion; P, primer; h-act, h-actin.
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(Golling et al., 2002). An increase of KIAA1323 mRNAwas
found in dlAHi781 mutant embryos, suggesting that DeltaA
normally suppresses its expression (Figs. 3L, M). Consistent
with this, injection of synthetic dlA RNA also suppressed
KIAA1323b expression (Fig. 3N). We therefore conclude
that KIAA1323 may be itself regulated by Notch activity.The phenotype we observed in Hi904 mutants is remi-
niscent of that described in mib mutants identified in two
large-scale chemical mutagenesis screens (Jiang et al., 1996;
Schier et al., 1996). We performed complementation tests
between Hi904 and mibta52b to determine if this is the case.
Indeed, the two mutations do not complement. Of the 95
embryos generated from crosses between Hi904 heterozy-
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types, indicating that the two mutations are in the same gene
(data not shown). Thus, according to the Zebrafish Nomen-
clature Guidelines (http://zfin.org/zf_info/nomen.html), we
name this gene mind bomb (mib), the Hi904 allele mibHi904,
and the protein Mind bomb (Mib).
Mib is associated with Delta
To understand how Mib might regulate Notch signaling,
we set out to determine whether Mib interacts with Delta,
Notch, or both proteins, the putative targets of Mib regulation
based on our epistatic analysis (Fig. 2F). We performed co-
immunoprecipitation experiments in lysates from Cos7 cells
triple-transfected with plasmids that express EGFP-tagged
Mib, Myc-tagged intracellular domain of Notch1a (N1aICD)
(Takke et al., 1999), and zebrafish DeltaD (Haddon et al.,
1998b), HA-tagged intracellular domain of zebrafish DeltaA
(dlAICD) (Appel and Eisen, 1998) or HA-tagged Xenopus
Delta (Xdelta) (Chitnis et al., 1995). We consistently foundFig. 4. Mib is associated with Delta in Cos7 cells. (A, B) Western blot analysis of
Mib with DeltaD (upper panel) and HA-DeltaAICD (lower panel). (C) Schematic d
indicate the ankyrin repeats, the empty triangles indicate the ring fingers. (D, E) C
necessary for DeltaD association. (F) GST pull-down analysis shows that the N-tMib association with deltaD, dlAICD, and Xdelta (Figs. 4A, B
and data not shown). We also found weak association
between Mib and N1aICD (data not shown). However, such
association requires high levels of N1aICD expression and
could not be confirmed by co-localization using immunoflu-
orescence in cells. It is likely then that the Mib-N1aICD
association was spurious and was therefore investigated no
further. We thus conclude that Mib is associated with Delta
proteins, likely via the intracellular domain.
We next wanted to determine the region in Mib that is
required for Delta interaction. We made Mib-EGFP fusion
proteins that lack the N-terminal half (MibDN), the ankyrin
repeats (MibDM), all the ring finger domains (MibDC), or
only the last ring finger (MibDR3) (Fig. 4C). As shown in
Figs. 4D and E, except MibDN, all other deletions were
associated with Delta. To determine whether the N-terminal
half of Mib is sufficient to associate with DeltaD, we made
GST fusion of the deleted regions. Fig. 4F shows that
purified GST-N, but not GST-M or a control GST-calmod-
ulin-dependent kinase kinase, could bring down Mib-EGFPco-immunoprecipitation samples reveals the association between full-length
iagram of the Mib portion of EGFP fusion proteins. The solid vertical bars
o-IP analysis of Mib deletions and DeltaD shows that the N-terminal half is
erminal half is sufficient to associate with DeltaD.
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terminal region of Mib is both necessary and sufficient for
association of the Delta-containing protein complex.
Mib is an E3 ubiquitin ligase and promotes Delta
ubiquitination
The presence of three predicted ring finger domains
suggests that zebrafish Mib may be an E3 ubiquitin ligase.
To test whether this protein functions as an E3 ubiquitin
ligase, we made purified GST fusion proteins of various
forms of Mib and assayed in vitro whether they are able to
self-ubiquitinate, a hallmark of E3 ubiquitin ligases. Due to
technical difficulties, we could not produce enough of the
full-length protein for the assay. Nevertheless, the GST fusion
protein consisting of the ankyrin repeats and ring fingers
(GST-MibDN) exhibited strong self-ubiquitination activity
(Fig. 5A). In contrast, GST-N or GST-M did not self-ubiq-
uitinate. This indicated that the zebrafish Mib is likely an E3
ubiquitin ligase.
Since Mib and Delta are in the same protein complex, we
wanted to determine whether Mib could enhance Delta
ubiquitination in Cos7 cells. As shown in Fig 5B, immuno-
precipitated DeltaD was highly ubiquitinated in the presence
of full-length Mib, suggesting that DeltaD is a target of Mib
mediated poly-ubiquitination. DeltaD was also ubiquitinated
extensively by MibDM, to a lesser extend byMibDN, but not
by MibDC or MibDR3, indicating that physical association is
necessary for efficient Delta ubiquitination, and the last ring
fingers is essential for ubiquitin ligase activity of Mib.
Similar results were obtained with HA-Xdelta (data not
shown). Poly-ubiquitinated proteins are often targeted toFig. 5. Mib is an E3 ubiquitin ligase in vitro and enhances ubiquitination of D
ubiquitination assays with purified GST fusion proteins of the N-terminal half, th
ring fingers shows the self-ubiquitination activity of the ring fingers in Mib. The l
half is probed with anti-GST antibody after stripping to label the fusion protei
immunoprecipitating lysates from cells co-transfected with full-length and deleti
enhances deltaD ubiquitination. Upper panel probed with anti-FLAG to reveal ubiq
worked. (C) Western blot analysis shows similar steady state levels of the expresthe proteosome for degradation. Interestingly, however, no
obvious instability of Delta was observed when it was co-
expressed with Mib (Fig. 5C). The levels of deltaD are
comparable when they are co-transfected with full-length
or various deletions of Mib protein.
Mib enhances Delta internalization
Ubiquitination often alters intracellular trafficking of
proteins. We therefore investigated the subcellular distribu-
tion of Mib and DeltaD. As predicted, DeltaD was largely
localized on the plasma membrane when co-transfected with
pEGFP-N2 (Figs. 6A–C). When transfected alone, Mib or
its deletion derivatives were distributed in the cytoplasm in a
punctuated fashion (Figs. 6G, K, O, S). Similar distribution
patterns were observed in zebrafish embryos injected with
synthetic RNA encoding those Mib proteins (Fig. 6U and
data not shown). Those vesicles were likely components in
the secretory/endocytic pathways, because full-length Mib
partially overlaps with vesicles labeled by Dextran Texas-
Red in live cells (Fig. 6T).
When co-transfected, Mib and DeltaD mutually redistrib-
ute. Confirming our co-IP results, Mib proteins that were
shown to associate with DeltaD co-localized with it, while
MibDN (which did not associate with DeltaD) did not co-
localize with it. Consequently, MibDN remained in the
cytoplasm, whereas DeltaD stayed on the membrane (Figs.
6H–J). Full-length Mib, however, sequestered most DeltaD
into the cytoplasm (Figs. 6D–F), possibly due to enhanced
endocytosis of DeltaD. A small fraction of Mib was present
on the plasma membrane, suggesting that Mib may execute
its activity on the membrane to trigger DeltaD endocytosis.eltaD in Cos7 cells. (A) Western blot analysis of samples from in vitro
e ankyrin repeats, or the C-terminal half containing the ankyrin repeats and
eft half is probed with anti-HA antibodies to label ubiquitin, while the right
ns. (B) Western blot analysis of the ubiquitination status of DeltaD after
on mutants of Mib demonstrates that the ubiquitin ligase activity of Mib
uitin. Lower panel was probed with anti-Delta after striping to show that IP
sed protein after co-transfection.
Fig. 6. Mib-Delta interaction alters their subcellular distribution. The immunofluorescent images in each row show the subcellular localization of Mib or its
deletion mutants in the presence or absence of DeltaD. The first column from the left shows the subcellular localization of Mib and its deletion mutants. The
second column shows the subcellular localization of DeltaD. Third column shows the merged images of the first and second columns plus nuclear stain (blue).
The rightmost column shows the merged images of Mib and its deletion mutants (green) in the absence of DeltaD. (A–C) Distribution of DeltaD and EGFP
when co-expressed. (D–F) Co-localization of full-length Mib and DeltaD. (H–J) MibDN and DeltaD do not co-localize. (L–N) MibDM co-localizes with, but
fails to enhance the internalization of DeltaD. (P–R) MibDC co-localizes with DeltaD, and is distributed on the membrane and in perinuclear regions. (T)
Distribution of full-length Mib partially overlaps that of Texas-Red-conjugated Dextran. (U) Full-length Mib, when expressed in zebrafish embryos after
synthetic RNA injection, is also distributed in a punctuate manner.
W. Chen, D. Casey Corliss / Developmental Biology 267 (2004) 361–373 369By contrast, MibDM was recruited by DeltaD to the mem-
brane (Figs. 6L–N). However, the distribution pattern of
DeltaD on the membrane was changed. Rather than evenly
distributed on the membrane, DeltaD-MibDM-containing
complexes often were arranged in clusters. Occasionally, alarge intracellular DeltaD-MibDM cluster is seen near the
nucleus, possibly in the ER or Golgi complex. Those clusters
are very different from the small and scattered ones found in
full-length Mib expressing cells. Most MibDC was also
recruited by DeltaD to the plasma membrane (Figs. 6P–R).
W. Chen, D. Casey Corliss / Developmental Biology 267 (2004) 361–373370A substantial fraction of MibDC-DeltaD complex was pres-
ent in a perinuclear region, likely to be the ER, although we
have yet to determine the nature of this compartment.
Interestingly, cells expressing MibDC often exhibited nu-
merous protrusions, possibly due to an inhibition of the
disassembly or a promotion of the polymerization of actin
filaments. Thus, all three modules of Mib seem to be required
to enhance Delta endocytosis.Discussion
Mutations in mib were initially identified in two large-
scale chemical mutagenesis screens in zebrafish (Driever et
al., 1996; Haffter et al., 1996). Based on the mutant pheno-
types, mib was thought to be important for Notch signaling
(Haddon et al., 1998a; Jiang et al., 1996; Riley et al., 1999;
Schier et al., 1996). In addition to the neurogenic phenotype,
which is a hallmark for disruption of Notch signaling, mib
mutants are also defective in synchronizing the ‘‘segmenta-
tion clock’’ during somitogenesis (Jiang et al., 2000), and in
fate choice between Rohon-Beard neurons and neural crest
cells (Cornell and Eisen, 2002), all indicative of defective
Notch signal transduction. While we were preparing this
manuscript, Itoh et al. (2003) reported the positional cloning
and characterization of zebrafish mind bomb. Our studies
confirm their findings that Mind bomb is an E3 ubiquitin
ligase that regulates Notch signaling by promoting Delta
ubiquitination and endocytosis. Furthermore, we show that
for Mib to function correctly, all three conserved domains
have to be present.
Mib is a conserved ubiquitin ligase important for Notch
signaling
The identification of a new component in the highly
conserved and well-studied Notch pathway is surprising,
especially considering that there is a fly ortholog
(AAM50016 locus) and that several screens have been
performed in flies for neurogenic genes and for modifiers
of Notch signaling (Abdelilah-Seyfried et al., 2000; Go and
Artavanis-Tsakonas, 1998; Lehmann et al., 1983; Salzberg et
al., 1994; Xu and Artavanis-Tsakonas, 1990). Given the high
degrees of sequence identity, we think that fly Mib plays a
similar role in Notch signaling. One reason that the mib
mutation was not detected in flies may be that its function in
Notch signaling overlaps that of neuralized. Neuralized is
also an E3 ubiquitin ligase acting on Delta to facilitate its
endocytosis and degradation (Deblandre et al., 2001; Lai et
al., 2001; Pavlopoulos et al., 2001; Yeh et al., 2001). In
vertebrates, however, neuralized is not important for lateral
inhibition in the CNS. Loss of neuralized function in mice
results in very subtle defects in the CNS or none at all (Ruan
et al., 2001; Vollrath et al., 2001). Overexpression of neural-
ized in frogs only mildly interferes with Notch signaling inthe neural tube, although it exerts a dramatic effect in the skin
(Deblandre et al., 2001). Another possibility is that mib was
simply missed in all the genetic screens. It is difficult to
saturate the genome using genetic screens, especially since
many mutagenic agents are not entirely unbiased in where
they cause disruptions. Systematic gene inactivation experi-
ments in yeast and worms have shown that genetic screens
over the years in the two organisms have missed a substantial
number of genes essential for well-studied phenotypes (Gia-
ever et al., 2002; Kamath et al., 2003). In any event, it will be
interesting to see if inactivation of the mib gene in flies also
diminishes Notch signaling in the CNS.
Mib regulates Delta ubiquitination and endocytosis
We showed that Mib increases Delta ubiquitination in
transfected cells. As predicted, this activity requires the ring
finger domains (Fig. 5B). Interestingly, the most C-terminal
ring finger is indispensable for the activity. It will be
interesting to determine whether the other two ring fingers
are essential. By contrast, the ankyrin repeats of Mib are not
obligatory for its activity on Delta ubiquitination. The N-
terminal half of Mib, which is both necessary and sufficient
for Delta association (Fig. 4), is also crucial for Delta
ubiquitination, likely by targeting Mib to Delta. Neverthe-
less, overexpression of MibDN can still increase Delta
ubiquitination at lower levels (Fig. 5).
Ubiquitination is critical for regulating protein stability,
activity, and trafficking (Hicke, 2001; Hoppe et al., 2000).
While we did not observe an overt effect of Mib on Delta
stability, we showed a clear role of Mib on Delta trafficking
(Fig 6). The transmembrane protein Delta is mostly in
cytoplasmic vesicles in the presence of full-length Mib. This
effect of Mib requires its ubiquitin ligase activity, as MibDC
that lacks this activity fails to enrich Delta in the vesicles.
Thus, Delta ubiquitination is likely necessary for its inter-
nalization. This is very similar to Neuralized, another E3
ubiquitin ligase that acts on Delta. Neuralized enhances
Notch activity by promoting endocytosis of Delta both in
flies and in frogs (Deblandre et al., 2001; Lai et al., 2001;
Pavlopoulos et al., 2001; Yeh et al., 2001). Although we have
not shown that Mib enriches Delta cytoplasmically by
promoting its endocytosis, we think this is likely the case,
given the similarity between Neuralized and Mib. In fact,
Itoh et al. (2003) demonstrated this very nicely. It is formally
possible, however, that Mib acts in the ER to redirect Delta to
endosomes, as has been shown for Commissureless regula-
tion of Roundabout trafficking in commissural neurons in
flies (Keleman et al., 2002).
Ubiquitination of Delta is not sufficient to promote its
internalization, however. MibDM possesses full ubiquitin
ligase activity on Delta (Fig. 5B), yet failed to drive it from
the plasma membrane to endosomes (Fig. 6M). The same can
be said of MibDN, although its activity on Delta is markedly
diminished. Therefore, in addition to ubiquitinating Delta,
Mib also uses its conserved N-terminal half and the ankyrin
W. Chen, D. Casey Corliss / Developmental Biology 267 (2004) 361–373 371repeats to internalize Delta. Without the ankyrin repeats,
MibDM-Delta complexes cannot separate from plasma mem-
brane. Without the N-terminal half, MibDN may be able to
associate with Delta randomly to mediate its ubiquitination
inefficiently, but be unable to form a complex stable enough
to mediate its internalization. Hence, it appears that Mib has
evolved as modular protein with three functional domains
that cooperate to regulate Delta trafficking.
The role of Delta ubiquitination and endocytosis in Notch
signaling
Delta endocytosis is critical for Notch activation, as
suggested by four lines of evidence in flies. First, Delta is
often found in endocytic vesicles (Fehon et al., 1991; Kooh et
al., 1993; Parks et al., 1995). Second, endocytosis-deficient
Delta mutants are less competent in activating Notch signal-
ing (Parks et al., 1995, 2000). Third, impairment of endocy-
tosis due to the loss of dynamin function in shibire mutant
flies leads to a neurogenic phenotypes (Poodry, 1990; Seug-
net et al., 1997). Finally, loss of Neuralized function, which
promotes Delta endocytosis, diminishes Notch activity (Lai
et al., 2001; Pavlopoulos et al., 2001; Yeh et al., 2001). Parks
et al. (2000) proposed that Delta internalizes together with the
Notch extracellular domain, thus permitting proteolytic
cleavage of the transmembrane half of Notch and subsequent
release of the Notch intracellular domain. The requirement
for Delta endocytosis in Notch activation is likely conserved
in vertebrates, as has been demonstrated in the case of
Neuralized (Deblandre et al., 2001). Thus, inhibition of Delta
endocytosis inmibmutants is at least partially responsible for
the diminished Notch signaling.
In conclusion, we have identified Mib as a novel E3
ubiquitin ligase important for Notch signaling. We demon-
strated that Mib associates with Delta, enhances its ubiquiti-
nation, and facilitates its internalization. Our study provides
direct evidence that Delta endocytosis is an essential step for
Notch activation in vertebrates. The identification and char-
acterization of Mib offers another reagent for elucidating
mechanisms of Notch activation.Acknowledgments
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